Sonic hedgehog (Shh) is a well-known morphogen indispensable in facial and nervous development, and recently it has also garnered much attention as a potent angiogenic factor. We previously created an animal model of holoprosencephaly by administration of cyclopamine, a specific inhibitor of hedgehog signaling, to the mouse embryos cultured in vitro, and found several types of angiogenic defects. In this study, we focused on other angiogenic phenotypes in the same model. When cyclopamine was added for embryonic day (E) 8.0Y9.5, a pair of immature dorsal aortae, which normally fuse to form the single aorta by E9.5, remained to be separated. Expressions of vascular endothelial growth factor and bone morphogenetic protein 4, putative mediators of aortic fusion, were also reduced around the aorta by blockade of Shh signaling. When cyclopamine was added for E8.5 Y 10.5, vessels on the surface of craniofacial region (possibly external cardinal veins) were extended and malformed. These results suggest that Shh signaling is essential for some aspects of embryonic angiogenesis, and that pathophysiology of holoprosencephaly may involve, at least in part, the Shh-dependent angiogenesis.
1
As for craniofacial malformation, Shh gene mutation is known to be responsible for familial holoprosencephaly. 2, 3 Shh gene targeting in mouse embryos result in severe holoprosencephalic phenotypes such as cyclopia. 4 In contrast, hypertelorism-like phenotype can be observed by overexpression of Shh in the cranial region of chicken embryos. 5 Chick or mouse embryos exposed to excess ethanol (animal models of craniofacial anomalies due to fetal alcohol syndrome) exhibited expression changes of Shh-related genes. 6, 7 These lines of evidences indicate indispensable roles of Shh in craniofacial development and anomalies.
We previously reported a mouse embryonic model of holoprosencephaly by administration of cyclopamine, a specific inhibitor for hedgehog signaling, using whole embryo culture system. 8 In our model, the embryos were treated with 20 mM cyclopamine for embryonic day (E) 8.5 Y 10.5. The angle and distance between the two nasal placodes were reduced in the cyclopamine-treated embryos, probably showing mild phenotype of holoprosencephaly. 8 The reason why our phenotype was milder than the cyclopia in the Shh knockout mice may be that the time window of Shh signaling blockade was shorter and more specific to the stage of craniofacial development in our model. 8 If this consideration is correct, the phenotype should be more general and severe when Shh signaling is blocked earlier, as Cordero et al 9 suggested in chick embryos. It should also be kept in mind that the period around E8 Y 10 is characterized by craniofacial as well as cardiovascular development. The heart primordium appears at around E8, and pulsation can be detected under microscope at around E9. Furthermore, morphogenesis of the aorta is accomplished through dynamic remodeling process of fusion of the two separate dorsal aortae into one. 10, 11 In the mouse embryos, a pair of dorsal aortae begin to fuse later than E8.5, 12 and the aorta is fused at the limb bud level by E9.5, whereas the rostral aortic arches are still separated forming a figure Y-shape. 13, 14 These facts suggest that the craniofacial malformations originated in this embryonic stage may involve defects of cardiovascular systems.
Indeed, Shh induced vasculo-angiogenesis has become a recent hot topic among vascular biologists, suggesting possible involvement of abnormal angiogenesis in the pathogenesis of holoprosencephaly. For example, Shh mediates early-stage vasculogenesis in the chicken and mouse embryos. 15 Shh promotes angiogenesis of ischemic limbs or muscles in the adult mice, 16, 17 and rescues peripheral neuropathy of diabetic mice via augmenting vascularization of the nerve. 18 In zebrafish embryos, Shh mediates morphogenesis of the aorta by inducing vascular endothelial growth factor (VEGF) in the mesoderm. 19 We also reported previously defects of angiogenesis in the neural tube 20 and the yolk sac 21 of the cultured embryos under blockade of hedgehog signaling.
In this study, we focused on other vascular phenotypes caused by inhibition of Shh signaling: aortic fusion defects and abnormal craniofacial vessels. These vascular phenotypes, as well as severity of craniofacial morphology, were dependent on the timing and duration of cyclopamine treatment. Possible roles of Shh-dependent angiogenesis in the pathogenesis of holoprosencephaly are also discussed.
MATERIALS AND METHODS

M
ouse whole embryo culture: Mouse whole embryo culture was performed as described previously. 8,20 Y 22 Cyclopamine (TRC, Toronto, Canada) stock (20 mM dissolved in ethanol) or jervine (TRC) stock (10 mM in ethanol) was added to the rat serum (the medium, specially purchased from Charles River Japan, Kanagawa, Japan), yielding 20 mm of cyclopamine or jervine. Ethanol alone was added in the control group. Mouse embryos of E7.8 Y 8.5 were dissected out from pregnant ICR mice (Clea, Tokyo, Japan) under anesthesia with ether and cultured using the whole embryo incubator (Ikemoto Rika, Tokyo, Japan) until the stage of E8.5 Y10.5, according to a standard protocol of oxygenation. 23 The collected embryos were fixed overnight in 4% paraformaldehyde and cryosectioned in 14 mm thickness.
Immunohistochemistry: Whole-mount immunohistochemistry was carried out as described previously. 21 Briefly, the fixed whole embryos were incubated with 1:100 solution of biotinylated anti-PECAM-1 antibody (MEC13.3; BD Pharmingen, San Diego, CA). Subsequently, samples for PECAM-1 staining were reacted using a biotinyl tyramide amplification kit (PerkinElmer Life Sciences, Boston, MA). Immunoreactivity was visualized with diaminobenzidine.
Cryosections for PECAM-1 staining were incubated with biotinylated anti-PECAM-1 antibody (1:100) and subjected to tyramide amplification system. 20, 21 Signals were detected using a metal enhanced diaminobenzidine kit (Pierce, Rockford, IL).
In situ hybridization: cDNA probes for mouse Shh, Ptc-1, Gli-1 and VEGF were described previously. 8, 20 A cDNA probe for mouse bone morphogenetic protein 4 (BMP-4) (X56848; bases 362 to 1011) was cloned by RT-PCR. The obtained cDNA fragment was subcloned into pBluescript II SK -and sequenced using an ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City, CA) to confirm their authenticity.
In situ hybridization on frozen sections was performed as previously described. 8, 20, 22 Briefly, cryosections were treated with proteinase K (0.3 mg/mL) at 37-C for 2 min, and hybridized with digoxigeninlabeled antisense cRNA probes at 60-C. After washing, the slides were incubated with anti-digoxigenin Fabalkaline phosphatase conjugate. The hybrids were detected with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate.
RESULTS
General and Craniofacial Morphology was More
Severely Affected when Shh Signaling was Blocked Earlier W e previously reported that mild holoprosencephaly-like phenotype was obtained if cyclopamine was administered from E8.5 in the whole embryo culture system. 8 We first examined the spectrum of the morphological phenotype caused by cyclopamine administered at various timing, considering that the phenotype may be more severe if cyclopamine was added earlier as reported in chick embryos by Cordero et al.
If cyclopamine was administered to the embryos from somite stages 0Y 1 (about E7.8) and the embryos were cultured till E9.5, the whole development was drastically impaired (Fig 1A) . Morphogenesis of the head was so inhibited that it could hardly be recognized as a head (Fig 1E) . The malformation was slightly milder if cyclopamine was added from somite stages 4 Y 5 (about E8.0), showing defects in conformational rotation and underdevelopment of the brain region ( Figs 1B and F) . The embryonic rotation was mostly normal under cyclopamine treatment from somite stages 8Y 9 (about E8.3 Y 8.5, Fig 1C) , and the milder holoprosencphaly-like anomaly was observed as seen in our previous study 8 ( Fig 1G) . These results indicated that a wide spectrum of severity in the craniofacial phenotype, as seen in clinical holoprosencephaly cases, can be caused in our model by only a half day of time difference in starting cyclopamine administration. In other words, it was suggested that the mode of morphogenic action of Shh signaling may be considerably different between the stages of E8.0 and E8.5. We shall describe the different vascular phenotypes between these two stages in the following sections.
Aortic Fusion was Impaired by Blockade of Shh Signaling for E8.0Y 9.5
We examined vascular phenotypes of the cultured mouse embryos in which hedgehog signaling was blocked from E8.0 (somite stages 4 Y 5 and thereafter). In this condition, we previously reported defective angiogenesis in the yolk sacs, which was turned out to be dependent on Indian hedgehog, not Sonic hedgehog. 21 Thus, we focus in this paper on angiogenesis within the embryos themselves.
When the embryos were collected at E8.5, gross anatomy of the embryos could not be distinguished between the control and the cyclopamine-treated embryos (Figs 2A, C) . In the whole mount immunostaining with anti-PECAM-1 antibody, a marker for vascular endothelium, a pair of dorsal aortae could be clearly recognized and their fusion had not started yet in the control and cyclopamine-treated embryos (Figs 2B, D), as reported in the normal E8.5 embryos. 12 When the cultured embryos were collected at E9.5, the shape of the control embryos was similar to normal E9.5 embryos (Fig 2E) , and the aorta was fused at the limb bud level (Fig 2F) . In contrast, size of the embryo was remarkably reduced and turning was incomplete in the cyclopamine-treated groups ( Fig 2G) . PECAM-1 whole mount immunostaining revealed that the paired dorsal aortae remained unfused in this group (Fig 2H) . To confirm that this phenotype is caused by specific inhibition of hedgehog signaling, we also administered another specific inhibitor jervine. We found that there were no difference between cyclopamine and jervine treated embryos in both the E8.5 and E9.5 stages. We therefore examined only the cyclopamine-treated embryos in the following analyses.
To observe the aortic fusion more clearly, we sectioned the E9.5-cultured embryos at the limb bud level and performed PECAM-1 immunohistochemistry. Structure of the fused aorta was normal in the control group (Fig 3A) . On the other hand, two dorsal aortae could be detected and the fusion did not occur in the cyclopamine-treated embryos (Fig 3B) . These results indicated that administration of Hedgehog signaling blockers at E8.0 resulted in impairment of the fusion process of the two dorsal aortae.
Expressions Changes of Vegf and Bmp-4 Were Associated with the Aortic Fusion Defects by Cyclopamine
We further investigated alterations of gene expressions associated with the morphological changes in the cultured embryos with cyclopamine during E8.0Y9.5.
Initially, we planned to confirm the blocking effect of hedgehog signaling by cyclopamine in our experimental protocol. As the expressions of Ptc-1 and Gli-1 are directly regulated by Hedgehog signaling itself, 24 inhibition of Hedgehog signaling can be monitored by downregulation of these genes. 8, 20 Indeed, we observed remarkable downregulation of Ptc-1 and Gli-1 expressions, but not Shh expression, in the cyclopaminetreated embryos by in situ hybridization sectioned at the limb bud level (Figs 3CY H) .
To obtain molecular insights into mechanisms of the aortic fusion, we further planned to investigate expression changes of putative downstream genes. Lawson et al 19 reported that Shh-dependent morphogenesis of the aorta in zebrafish embryos is mediated by VEGF in the mesoderm. Reese et al 25 also suggested in the chicken embryos that antagonization of BMP signaling by noggin or chordin expressed in the notochord may be correlated with maintenance of the paired dorsal aortae. Thus, as candidate genes downstream of Shh, we next performed VEGF and BMP-4 in situ hybridization in the embryos cultured for E8.0Y 9.5 with or without cyclopamine. VEGF transcripts were clearly detected in the neural tube of the control embryos (Fig 4A) , as reported by Hogan et al. 26 On the other hand, VEGF expression in the neural tube was almost undetectable in the cyclopamine-treated embryos (Fig 4B) . BMP-4 expression was also detected in the lateral plate mesoderm ventral to the aorta in the control group (Fig 4C) . In contrast, BMP-4 was not expressed in this portion in the cyclopamine-treated embryos (Fig 4D) . Taken together, it was suggested that Shh signaling regulates VEGF and BMP-4 expression in the midline surrounding the aorta, thereby mediating the aortic fusion.
Craniofacial Vasculature was Perturbed by Blockade of Shh Signaling for E8.5 Y10.5
We next examine the cultured embryos where Shh signaling was blocked from E8.5 (around somite stage 10 and thereafter). We collected the embryos about two days later at the stage of E10.5, because this period corresponds to our original protocol for holoprosencephaly model. 8 In this condition, we previously reported defective angiogenic sprouting within the neural tube, 20 and therefore we describe other vascular phenotypes, especially in the craniofacial region. As reported previously, the vessels on the surface of the craniofacial regions, possibly the external cardinal veins, were relatively dilated and filled with red blood cells just after culture. 8 This phenotype was exaggerated in some selected cases ( Figs 5A, B) . To observe vasculature of the embryo more clearly, we again conducted whole-mount immunohistochemistry against endothelial marker PECAM-1. Meticulous vascular networks were clearly observed in both the control and the cyclopamine-treated embryos ( Figs 5C, D) . The dilatation of the vessels was not so remarkable in the cyclopamine-treated group, possibly because fresh red blood cells filling the vessels were missing during immunostaining procedure. Close-up view of the immunostained embryos revealed that the vascular network in the craniofacial region of the cyclopamine embryos was coarser than that in the control embryos, especially in the forebrain (Figs 6A, B) and the midbrain (Figs 6D, E) . Branches of the external cardinal veins were interrupted in some cases (Fig 6C) . Cross sections of the craniofacial region showed that average diameter of the craniofacial vessels were greater in the cyclopamine-treated groups than in the control group (Figs 6F, G) . These data suggested that the craniofacial vasculature had a tendency toward dilatation, interruption, and making a coarse network when treated with cyclopamine.
DISCUSSION
Defects in Aortic Fusion
I n this study, we described two types of vascular phenotype of the mouse embryos treated with blockers of hedgehog signaling. Administration of cyclopamine for E8.0 YE9.5 resulted in the defects in the process of aortic fusion. Later administration of cyclopamine for E 8.5 Y10.5 showed subtle vascular change: coarseness and slight dilatation of the vessels in the craniofacial region.
Vasculogenesis (de novo formation of vessels) of the embryonic aorta is observed as a form of the paired dorsal aortae through the entire length of the embryo, which later fuse with each other. 10, 11, 27 The aortic fusion results in the single descending aorta and the bilateral aortic arches in the rostral trunk, which later remodel into disappearance of the right aortic arch and the single, left-sided aortic arch. 11, 27 Most previous descriptions of aortic morphogenesis focused on the aortic arches in relation to development of the pharyngeal arches, 11, 27, 28 and the process of the aortic fusion have been generally ignored and unappreciated. However, there are a few clinical reports of congenital aortic anomalies possibly derived from defects of the aortic fusion (i.e., duplication of the abdominal aortae). 29 In this regard, our present findings may be of great importance unraveling molecular aspects of a previously unrecognized mechanism of the aortic fusion.
Vokes et al 15 reported defects of the formation, but not of the fusion, of the paired dorsal aortae by cyclopamine treatment in the chicken embryos and Smo targeting in the mouse embryos. Although their results seem similar to our present data to some extent, their phenotype can be regarded as a defects in vasculogenesis in the slightly earlier developmental stages than ours. We also demonstrated that the VEGF and BMP-4 expressions in the midline were inhibited by cyclopamine, suggesting that the Shh-dependent aortic fusion is mediated by these genes. Lawson et al 19 also reported that aortogenesis in the zebrafish embryo is mediated by VEGF downstream of Shh. Another group reported that ectopic application of exogenous VEGF near the dorsal aortae in the quail embryo promoted dense vascularization around the aortae, 30, 31 but they failed to exhibit the aortic fusion. On the other hand, Reese et al 25 reported in the chicken embryos that BMP antagonists noggin and chordin were expressed in the notochord and that extirpation of the notochord resulted in fusion of the paired dorsal aortae. Considering their findings, we speculate that VEGF is an indirect mediator and BMP-4 regulates aortic fusion more directly in our experiment. Further studies are required addressing this point, such as in situ hybridization of noggin and chordin in the notochord, or overexpression or targeting of VEGF or BMPs.
Defects in Craniofacial Vasculature
We also observed angiogenic defects in the mouse embryos treated with cyclopmaine for E8.5 Y 10.5. Although the phenotype in the craniofacial vasculature was very subtle Y dilatation, interruption and coarseness of the network Y there may be close association between these phenotypes and the holoprosencephalic morphology of these embryos. In this condition of cyclopamine administration, we previously found and reported defects of angiogenesis within the neural tube. 20 Together with the aforementioned phenotype in the aortic fusion, our findings may be regarded as examples of Shh induced angiogenesis, which has been a recent topic in the field of vascular biology. 15 Y 19 There may be several ways to interpret mode of actions of Shh regarding this phenotype. A possibility of direct induction of angiogenesis by Shh should be firstly considered. However, we think this is not a case, because expression patterns of Shh-related genes in the craniofacial region 8 have no relation to the location of the angiogenesis defects. The second possibility, thus, is indirect induction of craniofacial angiogenesis by Shh. In this case, Shh should induce angiogenic factors such as VEGF or angiopoietins in the craniofacial regions. We previously reported that angiogenesis within the neural tube is possibly mediated by the angiopoietin-1-positive motor neurons induced by Shh from the notochord or the floor plate. 19 Further studies should be necessary for investigating whether such a mechanism is also found in the craniofacial regions. It should also taken into consideration that Shh signaling affects cranial neural crest cells, 6, 32 as shown in our previous embryonic models on holoprosencephaly and fetal alcohol syndrome. 7, 8 Recently, Etchevers et al. 33 reported an unexpected contribution of neural crest cells to the smooth muscles and pericytes in the craniofacial vessel walls in the chicken embryos. These facts may imply the third interesting possibility of Shh-dependent recruitment of neural crest cells in the craniofacial angiogenesis for explaining our present results.
Time-dependent Variations of the Holoprosencephaly-like Anomaly by Shh Signaling Inhibition: A Complex Cascade of Craniofacial Morphogenesis
It is widely accepted that Shh has a pivotal role in craniofacial development and it is responsible for holoprosencephaly. 1 Y 3 Indeed, Shh knockout mice have a severe phenotype of cyclopia. 4 However, one of the important problems yet to be fully elucidated is a mechanism of a wide spectrum of clinical manifestations of holoprosencephaly; from cyclopia to a normal face with only a single incisor. 3 We considered time-dependent blockade of Shh signaling (a kind of conditional targeting) would be a possible approach addressing this problem, and cyclopamine administration in a narrow time-window in the whole embryo culture system is a simple method for achieving this purpose. 8 In this study, a wide variety of craniofacial phenotype could be obtained by different timing of cyclopamine administration, as reported by Cordero et al 9 in chick embryos. Indeed, the phenotype was completely different between the group where cyclopamine was administered from E7.8 and the group from E8.5, and this fact may reflect dynamic complexity of craniofacial morphognesis during this period. The neuroepithelium, which is a simple plate at E8.0, becomes vesicular and eye primordia can be recognized THE JOURNAL OF CRANIOFACIAL SURGERY / VOLUME 17, NUMBER 4 July 2006 at E8.5. Neural crest cells start to migrate in this stage to form the branchial arches at E8.7Y9.0. Fundamental morphogenesis of the cardiovascular system, such as heart formation and the aortic fusion can be observed in the same developmental stage, and these morphogenetic processes may influence one another in a cascade-like manner.
We herein showed very different vascular phenotype due to cyclopamine administration for E8.0Y 9.5 and for E8.5Y10.5, suggesting that mode of Shh induced angiogenesis is unique and distinct according to subtle difference of the developmental stage. Shh time-dependently influences morphogenesis of the central nervous system and viability of the neural crest cells as well. 1, 32 Thus, the holoprosencephaly-like morphological phenotype should be the final outcome and the sum of these Shh-dependent processes in the various tissues and their interrelationships. We consider this is one of the causative factors explaining a variety of clinical manifestations of holoprosencephaly; stochastic temporo-spatial fluctuations of Shh actions may be amplified and exaggerated through the complex craniofacial morphogenetic cascades to produce a wide range of clinical manifestations. In this sense, Shh-dependent angiogenesis reported in this study should be an integral part of the whole pathophysiological processes of holoprosencephaly.
The complexity of craniofacial morphogenesis is reflected in the other anomalies than holoprosencephaly. For example, it is known that various types of craniosynostoses with distinct symptoms such as Crouzon, Apert, Pfeiffer and Jackson-Weiss syndromes can be caused by mutations of the same gene fibroblast growth factor receptor II, and some of the mutations were identical among these different syndromes. 34, 35 A wide variety of phenotypes compared to genotype, as well as polygenic and multifactorial mode of etiologies, may be a common feature among craniofacial malformations. We consider that all of these are based on complex morphogenetic cascades of the craniofacial development.
